Abstract.
Introduction
Oceanic canyons are potential places for significant tidal energy conversion from the 20 barotropic to baroclinic modes, with major implications for water mass mixing. According 21 to Hickey [1995] , nearly 20% of the Eastern Pacific shelf edge between Alaska and the equator is dominated by steep, narrow, and abrupt canyons. Historically, the first and 23 most extensively studied canyon was La Jolla Canyon (California). The results by Shepard 24 [1974] and Gordon and Marshall [1976] showed that steep canyons can act as a trap 25 for tidally generated internal waves. Specifically, it was recognised that the dynamical 26 processes occurring in canyons strongly depend on the ratio of the maximum bottom 27 steepness (S topo = ∂H/∂l) (here H(x, y) is the water depth, and l is the direction of the 28 seabed depth gradient vector) to the inclination of the characteristic paths of the internal 29 wave energy propagation
31
where ω is the tidal frequency, f is the Coriolis parameter, and N(z) is the buoyancy 32 frequency. In other words, in terms of the mechanism of internal wave dynamics, the 33 following parameter 34 α(x, y, z) = S topo S wave = |∂H/∂l| [(ω 2 − f 2 )/(N 2 (z) − ω 2 )] 1/2 (2)
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In a subcritical regime, when the condition α < 1 is valid over the whole domain, it is 40 mostly the lower tidal baroclinic modes that are generated. This regime is presented in found in [Vlasenko et al., 2005] .
53
Note that intensity of the tidal beam depends not only on the relative steepness of 54 the bottom or strength of the tidal current. It is also controlled by smoothness of the 55 buoyancy frequency profile. In highly intermittent media with sharp vertical changes of 56 the buoyancy frequency the downward propagated tidal energy is reflected back from the 57 layered structures in the form of secondary tidal beams propagating to the free surface
58
[ Grimshaw et al., 2010] . This process can even lead to a complete attenuation of the 59 tidal beam [Gerkema and van Haren, 2012] . However, as it was shown by Vlasenko and 60 Stashchuk [2015] , the surface 1.5 km layer of the Celtic Sea (which is in the focus of the 61 present study) is mostly unaffected by internal reflection.
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The purpose of this paper is to interpret the three-dimensional effects of internal tidal by a vertical profile of currents.
100
All 14 "yo-yo" temperature profiles T j (z) (j = 1, 2, 3, . . . , 14) are presented in and 900 m depth. Assuming that these deviations were caused by the dynamical processes 106 developing in the canyon, the vertical displacement ζ j of every individual isotherm on every profile from the averaged temperature profile can be calculated using the following 108 formula: to that shown in Figure 3 b.
115
Note that the maximum baroclinic horizontal velocities at the "yo-yo" station were
116
recorded by the LADCP in the surface layer (see also [Vlasenko et al., 2014] ). However,
117
Figure 3 b suggests that a comparable contribution of the 600-800 m depth layer to the 118 internal wave energy is also expected. In order to quantify the kinetic energy of dynamical 119 processes developing at the "yo-yo" station, an average profile of horizontal velocities for 120 all 14 LADCP sampling was calculated as follows
122
Here u j (z) and v j (z) (j = 1, 2, . . . , 14) are eastward and northward velocities.
123
The mean profile of U(z) is presented in Figure 3 Horizontal currents also reveal semidiurnal periodicity, most clearly seen in the surface 148 400 m layer. At first glance this periodicity can be attributed to barotropic tidal motions.
149
However, weakening of the tidal signal below 400 m, and its vertical intermittency in the 150 deep layers suggests that there should also be a strong contribution of a baroclinic signal.
Moreover, analysing the relative location of minima and maxima of the velocity pattern was applied in this paper to replicate the tidal dynamics in the canyon area. The results
157
of modelling are discussed in the next section.
158
In order to bring more clarity to the interpretation of these relatively sparse observations 
Model results
The fully non-linear non-hydrostatic MITgcm was used to model internal tides in the 
177
The Richardson number dependent parametrization for vertical viscosity ν and diffu-178 sivity κ introduced in [Pacanowski and Philander , 1981] was used:
Here Ri is the Richardson number, Ri = N 2 (z)/(u 
188
The principal question to be addressed by the modelling efforts is to identify the cause 189 of the highly energetic internal wave activity in the centre of the canyon below 500 m 190 depth. The modelling evidence of this intensification in deep water is seen in Figure 5 191 where the amplitude of the model-predicted horizontal velocities
is presented. Here u max (x, y, z) and v max (x, y, z) are amplitudes of the eastward and 194 northward velocities found over one tidal cycle at the position (x, y, z).
than 500 m, the wave energy is mostly concentrated at the periphery of the canyon corre- conversion. In a two-dimensional (x, z) case the IBF reads:
Here Q is water discharge produced by tides and ρ is the reference density. Being inte- 
Two-dimensional versus three-dimensional focusing
The importance of three-dimensional effects in focusing of baroclinic tidal energy in the Two systems of tidal beams are generated at either sides of both canyons. In Figure   336 14 they are presented as a series of instant horizontal velocity fields both for 2D (upper seen in all six panels presented in Figure 15 .
345
The comparison analysis of the top and bottom panels shows that the structure of the 346 wave fields in two-and three-dimensional canyons is a bit different. Note also quite a 347 different level of intensity of baroclinic motions in both canyons. They look weaker near 348 the surface in the 3D case, but stronger in its deep part.
349
In order to quantify the difference more accurately the amplitude of the baroclinic tidal 350 energy E = 0.5ρ(u 2 +v 2 +w 2 +N 2 ξ 2 ) was calculated (here u, v, and w are the components
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of the velocity vector, N is the buoyancy frequency, ξ is isopicnal displacement, and ρ is with the three-dimensional aspects of this focusing mechanism.
387
The possibility of intensification of baroclinic tidal energy due to wave interference cyclonic and anti-cyclonic rotation in the canyon centre was found also in in-situ data.
429
The importance of the results is that the effect of the focussing of baroclinic tidal energy 
